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A b s t r a c t
The study presents the preliminary results of research with the aim to test a Compact Trickle-Bed Bioreactor (CTBB) to
the biopurification of air from VOC’s mixtures (ethyl alcohol, dimethyl sulphide, styrene). The experiments were performed
using a 45 dm3 semi-industrial scale bioreactor in which gas and liquid phases flowed co-currently in downward direction
through a bed made up of polyethylene rings. The bioreactor was inoculated with a co-culture of microorganisms including
bacterial strains found in the wastewater and adopted to chosen pollutants. The gas-flowrate was 4.0 m3/h and VOC con-
centration in the gas phase was changed from 40 to 255 ppm. In the whole period of research the efficiency of pollutant
removal was in the range 92-99%. The lowest result of efficiency was achieved in the 2nd day of research as a response of the
highest concentration of VOC. Possible consequences of a violent pollutant overload and the time required for regenerating
the microorganisms and returning to the stable process conditions were also investigated. An increase of VOC concentra-
tion to 220-255 ppm did not significantly influence the deterioration of process efficiency. After the period of adaptation of
microorganism to the process condition and immobilization of microflora on the packing material, the experimental set-up
has been working reliably for 21 days.
S t r e s z c z e n i e
Opisano wstępne wyniki badań mających na celu przetestowanie Kompaktowego Bioreaktora Trójfazowego (KBT)
do oczyszczania powietrza z mieszaniny Lotnych Związków Organicznych (LZO) zawierających alkohol etylowy, siarczek
dimetylu i styren. Eksperymenty prowadzono przy użyciu bioreaktora w skali półtechnicznej (45 dm3), w którym faza gazowa
i ciekła spływa współprądowo przez złoże z pierścieni polietylenowych. Na złożu zostały immobilizowane specjalnie wyse-
lekcjonowane ze ścieków szczepy bakterii zaadaptowane następnie do degradacji badanej mieszaniny LZO. Natężenie
przepływu fazy gazowej wynosiło 4.0 m3/h, natomiast stężenie LZO w fazie gazowej zmieniano w przedziale 40-255 ppm.
Efektywność usuwania badanej mieszaniny LZO była w zakresie 92-99%. Sprawdzano również reakcję mikroorganizmów
na przeciążenie spowodowane gwałtownym wzrostem stężenia LZO oraz czas wymagany do adaptacji mikroorganizmów
po powrocie układu do stabilnych warunków procesowych. Obciążenie reaktora mieszaniną LZO o stężeniu w granicach
220-255 ppm, nie wpłynęło znacząco na obniżenie efektywności procesu. Po okresie adaptacji mikroorganizmów
do warunku procesu oraz ich immobilizacji na wypełnieniu bioreaktora, instalacja doświadczalna pracowała niezawodnie
przez 21 dni osiągając wysoką skuteczność oczyszczania powietrza z mieszaniny LZO.
K e y w o r d s : Compact Trickle-Bed Bioreactor; VOCs; Ethyl alcohol; Dimethyl sulphide; Styrene; Biopurification.
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1. INTRODUCTION
Volatile organic compounds (VOCs) and odors are
the key atmospheric pollutants due to their ozone
depletion and global warming potential, toxicity and
carcinogenicity [1]. Certain VOCs, e.g. styrene and its
metabolites, are known to have serious negative
effects on human health [2]. Odors that result direct-
ly or indirectly from human activities and cause an
adverse effect are often classified as contaminants
and are subject to regulation [3]. Industrial VOCs
and odor emissions coming mainly from the chemical
and petrochemical plants, deep and open-pit mines,
printing and textile-processing facilities, pulp and
paper industries, wastewater treatment plant, com-
posting plant, waste management plant etc. – are sub-
ject to increasingly stringent environmental regula-
tions and require efficient abatement measures. To
meet these stringent regulations, various off-gas
treatment methods such as incineration and absorp-
tion have been applied. These physicochemical
processes are often most effective at moderate off-
gas flow rates and high contaminant concentrations
(greater than 5 g/m3) but become less cost-effective
when treating relatively dilute contaminant streams
[4]. Among a number of VOC and odor removal
technologies that are available to treat the polluted
airstreams, the biological treatment method is partic-
ularly interesting as it is based on the natural ability
of microorganisms to degrade pollutants, and it does
not shift the pollution problem from air to other envi-
ronmental compartments, i.e. to water or soil [5,6].
Regarding the removal of single pollutants from con-
taminated air in biofiltration systems using various
microorganisms, several studies could be found in the
literature. Experimental work on phenol elimination
has been performed by Spigno et al. [7].
Biodegradation of vinyl acetate has been investigated
by Kasperczyk and Bartelmus [8] and removal of
styrene - by Hwang et al. [9], and Kasperczyk et al.
[10]. Whereas, work on toluene elimination can be
found in Larachi et al. [17]. Contrary to that, the
availability of experimental data on the removal of
pollutant mixtures from air in biofiltration systems
employing trickle bed bioreactors continuously fed
with liquid is rather limited [6,11,12,13] and very
often it is mixture only of two VOCs (ethyl acetate
and toluene) as in Schönduve [18] or for methyl ethyl
ketone and methyl isobutyl ketone mixture investi-
gated by Danvir et al. [19].
The present study concerns experimental preliminary
results of an on-going project [14] with the aim to test
a compact trickle-bed bioreactor, operating in a
biofiltration system with circulating salt solution, to
the biodegradation of VOC’ mixture (ethyl alcohol,
dimethyl sulfide, styrene) contained in a typical cont-
aminated industrial off gases, as it was pointed out
Figure 1.
Schematic diagram of the bioreactor operation – according to: part A [15], part B [16]
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earlier. The aim of the preliminary experiments was
to test the efficiency of pollutant biodegradation at
variable conditions of bioreactor operation and espe-
cially at dynamic changing pollutant load.
Consequences of a violent pollutant overload and the
time required for subsequent regeneration of the
microorganisms and returning to stable process con-
ditions will be studied in the following tests.
2. MATERIALS AND METHODS
The experiment was performed using a semi-indus-
trial scale compact trickle-bed bioreactor (CTBB)
with a total height of 1.0 m and an active volume
of 37-48 dm3 in which gas and liquid phases flowed
co-currently in downward direction through a
0.45-0.70 m high layer of 15×15 mm polyethylene
rings. The principle of biotrickling filtration is
schematically shown in Fig. 1, and photos of the
experimental setup are shown in Fig. 2. The CTBB
consists of three segments made up of 304 stainless
steel to withstand the harsh working conditions that
are typical for mixture of VOCs.
For any considered pollutant, suitable for industrial
use, it is necessary to gather experimental informa-
tion on the following issues:
• choice of the proper microorganisms,
• adaptation of the microorganisms to key process
conditions,
• choice of the immobilization mode,
• efficiency of pollutant biodegradation at variable
conditions of bioreactor operation and especially at
changing pollutant load.
The first stage of the work was to obtain microorgan-
isms capable to degrade selected organic compounds
(VOCs mixture). The chosen VOCs are very often
found in many branches of industry e.g.: pharmaceu-
tical and chemical (ethyl alcohol), wood and paper
industry, waste water systems (dimethyl sulphide)
and chemical and petrochemical industry (styrene).
The choice of such characteristics of the different
compounds (aromatic, sulfur organics and alcohol) -
shows an initial potential of the possibility of applying
this technology to a wide branches of industry
through the appropriate selection and combination
of “agents” of chemical engineering and specific
microflora. The most common method is the screen-
ing of these bacteria from the natural environments.
In this case, a very important factor is the selection of
a suitable place of sampling. The bacterial co-culture
used in the experiments was developed by
Ekoinwentyka Ltd. It includes e.g. Pseudomonas flu-
orescens and certain bacterial strains (among others,
Thiobacillus sp.) that were isolated from the waste-
water and subsequently adapted to the examined pol-
lutants. The isolation of strains was carried out using
the enrichment cultures technique. It is based on con-
trolling the growth of the medium mixed population
in such a way that under certain specific conditions,
there has been intensive development of only that
portion of the population which is able to degrade
the contaminants [10].
Figure 2.
Experimental setup and details of the bioreactor in the laboratory
e
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Described results of preliminary research were
achieved for two regime of CTBB work:
1.Immobilization was conducted over a period of
four days for gas phase flow 2 m3/h and liquid phase
flow 1.2 m3/h. The concentration of VOC mixture
was in the range 0-40 ppm.
2. The process was carried out for gas phase flow
4 m3/h and liquid phase flow 1.2 m3/h, but the con-
centration of VOC mixture was in the range
40-255 ppm. The chosen parameters and prelimi-
nary studies confirming the proper design of the
bioreactor, the selection of bioreactor bed, suitable
flow of gas and liquid phase, concentration range,
selection, adaptations and immobilization of
micro-organisms.
The experiment was carried out in a steady state at
T = 303±5 K and pH=5.5-7.5. In the gas phase, the
composition of VOC’s mixture both at the inlet and
outlet of the bioreactor was monitored making it pos-
sible to calculate the conversion factor of the
biodegradation process K.
Where: K – conversion factor [%]
Cg in – VOC inlet concentration (ppm)
Cg out – VOC outlet concentration (ppm)
These measurements of VOC’s mixture were done
using Varian Star 3400 gas chromatograph (detector
FID, carried gas helium, column length 30 m).
Additionally, continuous measurements of VOC’s
mixtures on the inlet and outlet of bioreactor in the
gas phase were done by industrial gas detectors based
on a PID detector: MiniRaE 2000 and MultiRaE by
OMC Envag (VOC measurement). Measurement
error does not exceed 5% percent for chromato-
graphic analysis and for measurements which were
made by MultiRae the error did not exceed 10%. In
410 cm3 of dosed VOC mixture there was 210 cm3
ethanol, 112 cm3 of styrene and 88 cm3 dimethylsul-
fide.
3. RESULTS
The initial step of investigation performed during the
research was immobilization of microflora on a bed
of the bioreactor. The immobilization of microflora
on the packing material took about 4 days and was
considered as completed when the conversion factor
of biodegradation of VOC mixture reached K=85%.
After this period the testing of the impact of
Compact Trickle Bed Bioreactor’s (CTBB) operating
parameters on the cleaning performance of air from
a mixture of VOC were carried out. The results of
research were shown in Fig. 3.
The measured concentration of VOC’ mixture in the
gas phase on the inlet of bioreactor was within a
range of 40-255 ppm. The values of the efficiency of
pollutant removal was in the range 92-99%. In the
real industrial conditions, these types of bioreactors
are exposed to work in unstable conditions.
Therefore, it was necessary to gather experimental
information on the possible consequences of a
dynamic pollutant overload and the time required for
regenerating the microorganisms and returning to
stable process conditions. So, this parameters were
also investigated. An increase in mixture of VOC’s
concentration to 220-255 ppm on the 1st and 12th day
did not significantly influence the deterioration of
process efficiency. The plot also shows that despite
strong eruptions of VOCs, which often occur in the
industry, no poisoning of microflora occurred so that
properly selected and adapted microorganisms not
only survived but continued to degrade VOCs effi-
ciently.
Figure 3.
Experimental results of biodegradation process of VOCs
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As seen in Fig. 3, in the range of 40-255 ppm, and for
the flow rate of the gas phase 4 m3/h and flow of the
liquid phase 1.2 m3/h, the conversion of the process
was in the range of 92-99%. The results showed that
six-fold increase in the concentration of VOC’s mix-
ture in the inlet gas to the bioreactor in the range
40-255 ppm do not decrease the efficiency of air biop-
urification in CTBB. It means that bacteria were
well-chosen and adapted to the pollutant. The exper-
iments proved a stable activity of the chosen bacteri-
al co-culture applied to the biodegradation of VOC
mixture and its relatively low susceptibility to growth
inhibition at excessive concentrations of VOC mix-
ture in the air.
In order to make the application of the biodegrada-
tion process in an industrial environment possible, it
was necessary to gather experimental information on
the possible consequences of an interruptions of the
process (as during the weekend) and the time
required for regenerating the microorganisms and
returning to stable process conditions. The results of
the two days of break (days 8-9) were shown in Fig. 3.
As we can see, a two-day break in dosing a mixture of
impurities did not affect the performance of the
biodegradation process. It further indicates that the
microbial activity was not inhibited. After two days of
break, the microorganisms immediately started work-
ing and efficiency of the process reached the value of
99%. In the literature concerning biopurification of
air in a trickle bed bioreactor both for single VOC
and VOC mixture it can also be found such high effi-
ciency of bioreactor work [6,10,13]. It is difficult,
however, to refer directly to the results obtained for
other VOC mixture because we have not met in the
literature research for the similar mixtures of conta-
minants.
Even though it is possible to get high efficiency of air
cleaning using “classical technology” (physi-
cal/chemical methods), the biological methods are
characterized by many positive attributes. The advan-
tage of biological methods is absolute degradation of
the pollutant; such processes do not shift the pollu-
tant into other environmental ranges (from gas to liq-
uid or solid) which is characteristic for the classical
methods of purification of gases (ozonization,
absorption of pollutants in liquids, adsorption on
active carbon, catalytic combustion). Moreover, they
are relatively cheap and easy to operate. It is estimat-
ed that approximately 10% of all gaseous emissions
are suitable for purification by means of biological
methods, including most gases containing volatile
organic compounds. Biological methods of gas purifi-
cation are used in technologies in which large streams
of waste gases containing toxic organic compounds of
relatively small concentration are formed. In practice
such processes are carried out in three types of instal-
lations: biofilters, bioscrubbers and trickle – bed
bioreactors (TBB). The comparison of biodegrada-
tion processes carried out in the above mentioned
types of installations shows that the rate of elimina-
tion of a pollutant in a trickle bed bioreactor is much
greater that in bioscrubber and at the same time the
energy consumption is much lower. Therefore, for
economical reasons, the processes of VOCs
biodegradation should be carried out in three – phase
reactors with fixed bed at the cocurrent flow of both
phases (large streams of gases).
TBBs represent the latest trend in biological purifi-
cation of gases and sewage because of smaller dimen-
sions of the reactor, reduction of odors and stable
operation in comparison with other bioreactors.
Particularly intensive development of research into
the application of TBBs to the purification of gases
took place in Western Europe in 1980’s mainly in
Germany and Holland where most of the information
on the topic comes from [20].
A further aim of the research is to optimize the
process of air purification carried out in the CTBB.
The next step of research will be carried out in a
wider range of concentration of pollutants in gas
phase in order to determine the point of pollutant
overload and the time required for subsequent regen-
eration of the microorganisms and returning to stable
process conditions. The influence of temperature and
pH on the biodegradation process were introduced in
the literature [21, 22]. In further studies, the effect
will be tested in larger scale and especially for this
mixture of VOC.
4. CONCLUSION
The experience gathered during the test period
proved that the co-culture of microorganisms select-
ed for VOC’s mixture degradation was performed
properly and able to survive frequent bursts of
increased concentration of pollutants. The efficiency
of VOC mixtures biodegradation proved to be very
high thus confirming the suitability of biodegradation
as a method for improving the quality of air in a few
branches of industry.
The measurement results and experience gathered
(time needed for immobilization, chosen co-culture
of bacteria, the residence time in bioreactor, the
range of VOC concentration) constitute a convenient
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basis for further studies and process upscaling. In the
further research we are planning to extend the range
of VOC concentration in order to check a real capac-
ity of the system.
The experiments proved a very good activity of the
chosen bacterial co-culture applied to the biodegra-
dation of VOC mixture and its very low susceptibility
to growth inhibition at excessive concentrations of
VOC mixture in the air. Such features make this co-
culture a perfect candidate for industrial applications
e.g. paper industry, pharmaceutical and chemical
industry, waste management and wastewater systems.
The experimental programme is continued with the
aim to determine the border value of key process
parameters such as gas and liquid flow rates, temper-
ature, pH of the liquid and physiological parameters
of biomass growth. Determination of these parame-
ters could affect both the size of CTBB and its invest-
ment and operational costs.
The range of concentrations selected for testing is
dictated by the needs of industry such as: pharma-
ceutical, chemical or petrochemical industry as well
as biological wastewater treatment plants - especially
for industrial wastewater. In these branches of indus-
try the concentration of VOCs in the exhaust gases is
changed violently (even over six-fold in the concen-
tration of VOC). Besides, the choice of such charac-
teristics of the different compounds (aromatic, sulfur
organics and alcohol) – shows an initial potential of
the possibility of applying this technology to a wide
branches of industry. The preliminary research
results show that the process of biopurification of air
carried out in CTBB (for such different compounds
and increasing concentration up to 6 times e.g.
40-255 ppm, see Fig. 3) will not affect the efficiency
of the process. It shows high tolerance of developed
technology to the real processes occurring in industry
sites where pollutants concentration jumps often
unexpectedly and uncontrolled.
A further aim of the research is to optimize the
process of air purification carried out in the CTBB.
The next step of research will be based on a wider
range of concentration of pollutants in gas phase in
order to determine the point of pollutant overload
and the time required for subsequent regeneration of
the microorganisms and returning to stable process
conditions. The influence of temperature and pH on
the biodegradation process larger scale, especially for
investigated mixture of VOC, will be studied as well.
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